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1.0 INTRODUCTION

This document is the Final Technical Report for the Bistatic
Clutter Phenomenological Measurement/Model Development program
sponsored by Rome Air Development Center (RADC) and the Defense
Advanced Project Agency (DARPA) under Contract No. F30602-86-C-
0045. The objectives of this program are to provide technical
analyses, test planning, and participation in the collection of
near-simultaneous bistatic and monostatic clutter data in support
of the DARPA Hybrid Bistatic Radar (HBR) concept.

s 1.1 PROGRAM STEPS

The SRS Technologies effort was organized into four distinct steps
by the Statement-of-Work. These steps included:
Step 1 System Design and Analysis, Theoretical
Modeling, and Test Plan and Schedule Development

Step I1I1 Detailed Experiment and Flight Test Planning,
Implementation of Data Processing and Theoretical
Modeling, and Experimental Measurement System
Integration Consultation

Step III Analysis Tools Demonstration

Step IV Flight Test Participation, Ground Truth Collection,
and Data Analysis.
e 1.2 HBR ASSESSMENT PANEL ANALYSES

In addition to steps called for in the Statement-cf-Work, SRS was
directed early in the program to perform technical evaluation and
analyses in support of a DARPA HBR Assessment Panel. The first

. HBR Assessment Panel meeting was held on 7 August 1986 at Decision
: Science Applications (DSA) offices in Arlington, Virginia under
W the direction of Mr. Neal Doherty of DARPA. Additional HBR

Assessment Panel meetings were held on 3 September 1986, 22
September 1986, 8 October 1986, and 21 October 1986 (refer to SRS
deliverables, Minutes of Formal Reviews, Inspections and Audits,
ELIN AQOS for minutes of these meetings).

The objectives of the Assessment study were (1) assess the
adequacy of the Environmental Institute of Michigan (ERIM)
el proposed data collection equipment and procedures to provide data
o allowing the performance of HBR to be determined, and (2) assess
the adequacy of ERIM equipment and procedures to characterize
clutter phenomenology, especially as it pertained to HBR.
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1.3 FINAL REPORT ORGANIZATION
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e |

, This Final Report is organized as follows. Section 2.0 contains
? a summary of findings and technical recommendations made by SRS
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Technologies during the HBR Assessment Panel period. Results of
work on Steps I - III are presented in the remaining sections
beginning with Clutter model definitions and associated issues in
Section 3.0. A brief summary of the ERIM data collection system
is contained in Section 4.0. Clutter data collection site
recommendations and geometries are developed in Section 5.0. Due
to the early redirection of the program involving the support of a
DARPA HBR Assessment Panel, delays were caused in the development
and integration of the ERIM data collection equipment. As a
result, no flight data was made available to support Step IV of
the present program. However, Section 6.0 concludes the Final
Report with a description of the Computer Compatible Tape (CCT)
format ‘and signal processing software developed to support
analysis when clutter data is eventually made available.
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N

Numerous references to SRS Technologies documents created during
this effort are found in the text. For ease of reference, we have

included these documents in a supplement at the end of the Final
Report.
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2.0 HBR ASSESSMENT PANEL FINDINGS

As mentioned in the preceding section, there were two main
objectives associated with the HBR Assessment Panel meetings and
studies. SRS Technologies was principally involved with the
second objective, namely, "assess the adequacy of ERIM equipment
and procedures to characterize clutter phenomenology, especially
as it pertained to HBR" because this issue directly impacted
clutter modeling, test planning, and data analysis.

2.1 MEASUREMENT SYSTEM DESIGN

A number of critical measurement system design parameters were
identified during the HBR Assessment Panel meetings which were
investigated by SRS Technologies. A summary of the more
significant analyses and results is presented in the following.

2.1.1 Clutter-to-Noise Ratio

One of the most critical parameters in the design of the ERIM data
collection system is the Clutter-to-Noise Ratio (CNR) since this
factor directly impacts the quality of the recorded data. Because
ERIM data collection instrumentation is c¢onstrained by cost
considerations to relatively modest modifications of existing
hardware, the primary factors under control of the system designer
influencing CNR are pulsewidth and measurement :rgeometry. The
latter is largely constrained Dby the requirement to simulate HBR
geometries. Thus, the only significant system parameter that can
be easily changed to increase CNR is the transmitted pulsewidth
(with a concomitant adjustment in receiver bandwidth). The radar
range eguation shows that increasing pulsewidth will increase the
clutter signal while narrowing the receiver noise bandwidth
resulting in an improvement factor which is proportional to the
square of the pulsewidth change.

Selection of an optimum "pulsewidth for bistatic clutter
measurements is complicated by conflicting requirements. First,
illumination of a reasonably large clutter area is needed so that
the clutter return will not be corrupted by receiver noise. This
can be achieved by increasing the pulsewidth until a suitable CNR
is obtained. However, the width of this pulse is severely limited
by the low grazing angles associated with the bistatic geometry
required to emulate HBR. This limit is due to the requirement
that the direct path signal not interfere with the signal
arriving from the desired clutter regions.

Examination of the Clutter Measurement Program measurement
geometries proposed for HBR simulation (SRS UR86-199) indicated
that a bistatic pulsewidth of 125 nanoseconds would provide a CNR
of 22 dB for a clutter return of 23.3 dBsm and provide direct
path isoclation in excess of 76 nanoseconds for all measurement
geometries. This was felt to be reasonable system design goal.
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2.1.2Z Receiver Bandpass Filter Design

AT e AN,

The problem addressed in this analysis was the optimization of
transmitter waveform and receiver matched filter design to achieve
maximum CNR. This problem is complicated by the potentially large
amplitude gradients in the clutter return which might cause
matched filter "ringing"™ and inaccurate measurements of clutter
radar cross section (RCS) between range gates. Discussions with
ERIM and DSA personnel led to several assumptions for this
analysis. First, it was felt that a second order Butterworth
filter would be representative of filter performance in the actual
system. Secondly, based on the foregoing analysis, a bistatic
pulse duration of about 125 nanoseconds would provide a reasonable
CNR for the expected experimental geometry.

The specific issue addressed was the determination of an optimum
Butterworth filter bandwidth which minimized the clutter gradient
ringing problem while preserving a high CNR. The analysis was
based on computer simulation of the response of a two-pole
Butterworth filter to a radar waveform provided by ERIM (the pulse
was characterized by 50 nanosecond rise and fall times with a
plateau duration of 75 nanoseconds). The conclusion of this
analysis was that a Butterworth filter with an 8 MHz bandwidth be
used for the bistatic return with an optimal range-gate sample
interval of 160 nanoseconds. This combination of system
parameters; would provide approximately 30 dB isolation between
range gates.

2.1.3 Antenna Pattern Analysis and Requirements i
2.1.3.1 Antenna Pattera Analysis

|

\

An examination of antenna patterns made by Chu Associates for the }
existing dual feed, seven-element log-periodic L-X band antenna
proposed for use for the bistatic receiver aircraft was conducted
(SRS UR86-198). This examination indicated a severe distortion in
the horizontal polarization mainbeam pattern along with abnormally
high near-in sidelobes at L-band (the frequency used for clutter
measurements). Simulations were run to compare the effect of
these distortions with that of an ideal antenna. It was found
that the ratio of sidelobe to mainbeam power for a typical out-of-
plane CMP geometry was about -26 dB for the ideal antenna and only
-5.6 dB for the simulated Chu antenna pattern. This indicated

that the antenna would be unacceptable for accurate clutter
measurements.

Because of this finding, the Naval Air Development Center (NADC)
performed an independent set of antenna element and far-field
pattern measurements. Their results indicated no major
discrepencies with the feed elements and that the "distortion/null
in the H-plane does not exist."™ Consequently, it was decided that

the original measurements were in error and the antenna was
suitable for CMP use.




2.1.3.2 Antenna Analysis and Requirements

The dual polarization L-band antenna described in Section 2.1.3.1
has a 17 dBi gain, 60 degree elevation beamwidth, and 10 degree
azimuth beamwidth. Sidelobe levels for both polarizations in both
the elevation and azimuthal cuts are on the order of -11 dB to -14
dB with polarization isolation around 20 dB. It was clear that
these antennas were designed primarily for airborne side-looking
imaging and not for precision measurement of clutter
phenomenology. The large elevation beamwidth is intended to
provide a wide range swath for imaging with the narrower azimuth
beam processed to provide synthetic resolution in the cross-track
direction. Thus, it was important to determine if there were any
serious limitations imposed by this antenna when used for other
purposes such as clutter data collection. )

2.1.3.2.1 Mainbeam Gain

The antenna gain must be adequate to yield an adequate CNR for the
design values of the remaining system parameters included in the
bistatic range equation (SRS UR86-197). 1n arriving at the 22 dB
CNR mentioned in paragraph 2.1.1, bothL the transmitter and
receiver antenn gains were assumed to have gains of 16.5 dB. This
figure appears to be conservative based on the original Chu
Associates measurements which indicate this number is typical of
the horizontal polarization with the vertical polarization gain
one to two dB's higher.

2.1.3.2.2 Antenna Sidelobes

In determining clutter reflectivity from measured radar cross
section (RCS) data, it is generally assumed that the received
power is not contaminated by energy received through the
sidelobes. Sidelobe power can be minimized by various aperture
weighting techniques at the expense of gain and beamwidth.
However, the ERIM antennas do not incorporate aperture weighting.
Consequently, SRS explored the effect of unweighted sidelobes on
clutter measurement accuracy (SRS UR86-197).

A computer simulation using diffraction limited antenna patterns
conforming to ERIM provided antenna parameters was used to
investigate this problem. The percentage of sidelobe power for
nominal geometries at ranges of interest relative to the mainbeam
power was computed taking into account the variation of bistatic

range over the illuminated region. It was found that this ratio
varied from -10.3 dB for a typical in-plane scenario to -26 dB for
an out-of-plane geometry. The low value for the out-of-plane

geometry can be attributed to the two-way bistatic antenna
geometry where the majority of sidelobe energy results from the
intersection of the mainbeam with only one set of near-in
sidelobes of the opposite facing antenna. This is different that
the in-plane geometry where the sidelobes intersect each other.
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;*z These ratios idicate that sidelobe interference is not negligible
B and could be exacerbated by geometries or terrain exhibiting high
‘N reflectivity in the sidelobe regions. This problem may be avoided
{ ) by careful experiment planning. However, a more practical
N solution is to take advantage of the difference in doppler
frequencies between the sidelobe and mainbeam clutter. Hence, it
was recommended that the data be coherently processed to minimize
ot the effect of sidelobe clutter on the clutter measurements.
\
~ 2.1.3.2.3 Cross-Polarization Response
o
:j: According to the Chu Associates data, the ERIM L-band antenna
W cross-polarization ratios varied with frequency in both elevation
5$. and horizontal cuts. In general, it appears 1likely that a
pore polarization ratio better than 20 dB can be achieved, although
values as low as 12.8 dB were measured at their facility. The
lower values are probably due to the same problem that affected
A the overall pattern measurements and are not representative of
ﬂf actual antenna performance.
b
P This parameter is of concern since it impacts validation of
P clutter models that predict both principal polarization and cross-
o polarization clutter levels. This is especially true for an in-
52; plane geometry since physical optics scattering theory predicts no
}; depolarization is possible. If this model is wvalid, then no
"y cross-polarization return should be observed. This will not be
- the case for the ERIM antenna because of its finite polarization
v ratio. What will be observed, instead, is an image of the
{ opposite polarization attenuated by the isolation ratio. This
{"{ limitation must be kept in mind when analyzing the data.
ol o
%Nf Mitigating this effect somewhat is the limited out-of-plane region
ygj where little or no clutter depolarization is expected. Examination
vy of physical optics clutter models indicate this region is about 10
o degrees wide. Beyond this angle the principal and cross
’:; polarization returns begin to approach the same order of
;{ magnitude.
pit
3; 2.1.3.2.4 Antenna Calibration
Y
® Knowledge of the antenna patterns in two-dimensional space is
s needed to accurately convert the received signal to clutter
": reflectivity. An analysis was performed to examine the effect of
.x; mainbeam gain "ripple"™ on the conversion process. The mainlobe
o was modeled by a sinc pattern and perturbed with a sinusoidal
N ripple having a varying number of cycles across the mainbeam. It
“’ was found that mainbeam gain pattern ripple less than 1 dB did
Y not affect reflectivity computation significantly. This
N conclusion may be somewhat optimistic since the zero-mean nature
- of the perturbing sinusoid may not be an accurate model of the
:}i real mainbeam gain variation. However, it should serve as a
vl guideline for the accuracy of ERIM antenna pattern calibration
‘o techniques.
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2.1.4 Coherency Reguirements

A,
e
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From the discussion in the preceding paragraphs it.is clear that
reduction of sidelobe clutter is necessary to perserve clutter
measurement accuracy for its intended purpose of reflectivity
coefficient generation. Consequently, an analysis was performed
to examine requirements for signal frequency stability and
platform motion compensation; factors that affect coherent
processing. The figure-of-merit used in the analysis was the
- restriction that the error source result in no more than a 10%

: shift of the processed doppler cell center frequency relative to
the ideal doppler frequency during the processing interval.

-

T
AR .

B P4
IR

.Ill

The analysis approach was based on conventional synthetic aperture
radar theory modified for bistatic geometry. Coherent processing
requirements imposed on the measurement’ system were (1) a

frequency stability of 1 part in 104, (2) phase accuracy of A/10,
(3) aircraft velocity variation over the processing period of less

than 0.3 m/s, and (4) aircraft platform acceleration over the same
interval of less than 6.6 m/s2.

The first two requirements are exceeded by the proposed ERIM
instrumentation. Discussions with ERIM personnel regarding items
3 and 4 indicate that these will not be exceeded in flight through
relatively calm air. Since this may not always be the case,
recording of the velocity and acceleration components of each
platform was recommended.

2.1.5 Antenna Beam Registration Analysis

In the bistatic mode, clutter data will be obtained by pointing

the transmitter and receiver antennas at a common point in 2

coordinate system moving with both platforms (i.e., bearn

registration). This ensures that the terrain illuminated can be

later correlated with the recorded clutter data. Errors in beam
; registration will exist due to aircraft motion, 1Inertial
: Navigation System (INS) position and heading errors, servo system
> errors, and systematic errors associated with slight variations of
the bistatic geometry.
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Using a model of the bistatic measurement system, it was found
that beam pointing accuracy of 1 degree or less and a position
accuracy of 500 feet or 1less would limit the effect of beam
registration errors on clutter measurement accuracy to less than 1
dB. Since the effect of these errors increases in a non-linear
manner, they must not be allowed to exceed these values. In the
ERIM system, special purpose signal processing software developed
by SRS Technologies will be used in post mission processing to
compensate for some of these errors.
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o 2.1.6 Receiver Dynamic Range

~ SRS Technologies addressed the receiver dynamic range problem
1 during the Assessment Panel period by examining potential bistatic
N clutter RCS variation and comparing these with limitations of the
proposed ERIM instrumention. It was found that an instantaneous
dynamic range of about 73 dB was required to handle the expected
- range of clutter values over all polarizations. The assumption
:¢ that the receiver noise is set just below the quantitization level

of the A/D convertor least significant bit for maximum sensitivity

N results in a requirement for a 25 bit A/D convertor (assuming
;f linear quantitization).
4
B The existing ERIM system contains 6-bit A/D convertors which
N limit the maximum dynamic range achievable ih the data collection
system. With a 6-bit A/D convertor and noise set at the Least
Signifiicant Bit (LSB), the maximum dynamic range will be about 35
N: dB. Since this is less than the 73 dB requirement, a means to
Yo increase the system sensitivity was needed. SRS Technologies
) examined a number of alternatives including banks of flash A/D
0 convertors, and logrithmic A/D conversion. One of the problems
N with these approaches was the ultra-short aperture time imposed
by the signal 8 MHz bandwidth which inexpensive large word size
gﬁ A/D convertors do not posess. In addition, ERIM cost estimates
}ﬁ\ for replacing the existing A/D convertors with a more suitable
L design were prohibitive.
?; A solution to this problem was suggested by Mr. Neil Doherty of
{ DARPA and consisted of using "stepped gain®" to prcvide increased
L system dynamic range. In this approach, the value of an
o attenuator in the receiver front-end is changed on alternate
[~ pulses for each channel. The attenuator's values are chosen to
\: ensure that a signal within the desired dynamic range will be
L~ within the range of the 6-bit A/D convertor. Although this is a
= real-time adjustment, it should be possible to implement this
SN technicue during clutter data collection. .
»:: One of the risks associated with "stepped gain" is the possible
" loss of data in channels other than that used to set the
i attenuator. This will have to be considered during each mission
; and a reasonable compromise reached between system dynamic range
X and maximum data quantity.
L
18 Another consideration associated with limited dynamic range is
::’ clutter statistical fluctuation. For example, 90% of the time,
. Rayleigh clutter fluctuation will be limited to a range of 17 dB.
2 However, since the "tails"™ of the probability density function are
? of interest, the receiver gain (or attenuation) must be set so
N that saturation does not occur when large clutter signals are
> received. On the other hand, the attenuation cannot be set so
‘i high as to place most signals near or into receiver noise. If
Lo clutter were Rayleigh, then an attenuation setting resulting in
p < saturation less than 1% of the time would place the mean clutter
; power level at about 10 dB below the saturation level. Thus, with
- 8
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a dynamic range of '35 dB (assuming noise is not the limiting
factor), clutter levels 25 dB below the mean value could be
recorded with the ERIM instrumentation.

2.2 MEASUREMENT SYSTEM ACCURACY

One of the most critical questions arising during the Assessment
Panel Study was the accuracy of the ERIM data collection system.
Of the numerous ways to address this problem, SRS chose to analyze
the problem in terms of independent error sources in the

expression for clutter reflectivity (0°) . This expression is
O _Feq
Pa " P _ KI
P
where,

Pe,q = received power on qth polarization
Py,p = power transmitted on pth polarization

and,

K LDL G AOGBOP

(4m)”
fo(x.y)g(x.y)
= j A ——dxdy
R,.R
A A 'B

where,

Lp, Lg = receiver and transmit path and system losses
Gap, Ggo = receive and transmit antenna axial gains

A = wavelength
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§§ fa(x,y), fg(x,y) = antenna amplitude pattecn at point
o X, Y
bﬂa Ry, Rg = receiver and transmitter ranges from point x,y
L A. = Illuminated clutter area.
LY
0 A .
;t: It is clear from the formulation of the reflectivity expression
Wy that each of the terms is independent so that one can approximate
X the normalized error in reflectivity by the root-mean-square of
h:f the sum of the individual normalized error components or,
-,
%
.\'. . o
.
B o Acpq APc,q 2 Apt,p 2 AK |2 AlY2
2 > = P +p + +HT
\J C. t'
vs*’ Cpa q P
W
Y
o
u",\'u'
'-".'

Ve The terms on the right-hand side of this equation are seen to
° represent normalized errors in (1) the conversion of receiver
o voltage to receiver power in the gth polarization, (2) transmitted
:- power in the pth polarization, (3) system propagation losses and

;jq mainbeam gains, and (4) clutter surface area integration weighted
'Ab by antenna patterns, ranges, and clutter variation.
.
N
. Discussions with ERIM and other independent analyses resulted in

‘}v the system error budget contributions shown in Table 2-1.

>
;.: Table 2-1 System Error Sources
N

-:. Error Source AP /P, q APy, p/P¢,p AK/K AI/1
e Rcvr Pwr Meas. 0.5 dB

g Rcvr Trans Gain 0.5 dB
A Rcvr Drift 0.5 dB

:j Rcvr I&Q Channel

Y Imbalance 0.5 dB

rh Rcvr Nonlinearities 0.5 dB

e Revr Noise 0.5 dB

At ARC Calibration 2.0 dB

N Trans Pwr Meas 0.5 dB
R Trans Losses 1.0 dB
s Rcvr Ant Pattern 0.5dB 1.0 dB
“i Trans Ant Pattern 0.5 dB 1.0 dB

a Beam Registration 1.0 dB
.7
xﬁa The worst case accuracy exists when the numbers in each column are
NN correlated prior to the root-sum-square operation. If this is
P done, the resulting accuracy for the mean reflectivity coefficient
." is 4.0 dB. A more optimistic value is obtained if the above error
:*: 10
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Ny components are assumed uncorrelated; in this case the predicted
r; system measurement system accuracy is 2.7 dB.
It must be emphasized that these predictions of system accuracy
need to be updated when more information is available on the ERIM
"y system. In particular, the error contributions due to the Active
Fé Radar Calibrator (ARC), receiver and transmitter antenna pattern
e measurements, and beam registration need to be updated when firm
:ﬁ design information is available. They furthermore, assume that a
2" number of systematic errors are removed by post-mission signal
processing. However, the values used in Table 2-1 provide some
M insight into the anticipated accuracy of the ERIM instrumentation.
o The error range calculated is only slightly larger than that
;; achieved under General Dynamics Large Bistatic Angle Radar Cross
1N Section Measurements Program. .
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3.0 CLUTTER MODEL DEFINITION

The solution to the problem of modeling reflection of a plane wave
at the boundary of an irregqular and inhomogeneous surface has been
attempted by many researchers over the past several decades
(Beckmann 63; Ruck 70; Barton 74; Papa, RADC-TR-84-78; Lennon,
RADC-TR-84-195) with various degrees of success. Such models
range from simple curve fitting of empirical data to elegant
mathematical solutions of Maxwell's equations. Models for sea,
land, ice and vegetation covered terrain have been proposed and
compared to available monostatic radar data with some success.
However, little work has been accomplished in the comparison of
bistatic radar data with theoretical predictions. Consequently,
SRS Technologies, has identified a number of bistatic clutter
models for subsequent comparison with clutter.data collected under
the Clutter Measurements Program (CMP) in support of the Hybrid
Bistatic Radar Program.

These models are also valuable in planning CMP measurements even
though they have not been validated since they will provide some
idea of the clutter magnitude to be expected. This is important
information because of the dynamic range issue described in
Section 2.0. Consequently, SRS developed a computer workstation
that incorporates these models including SRS extensions such as
shadowing and layering.

3.1 MEAN REFLECTIVITY MODELS

Perhaps one of the most important functions of a clutter model is
that it allows transformation of terrain physical and electrical
properties (e.g., surface heights, correlation distances,
permittivity, layering, etc.) into electrical parameters from
which radar performance can be deduced. Because of this, those
models which are developed from Maxwell's equations are extremely
valuable. In this category are the Kirchhoff (Physical Optics)

and Perturbation theory models. These are sometimes referred to
as "large-scale" and "small-scale" clutter models by RADC
personnel at Griffis Air Force Base. These models have been

documented in (SRS TM86-103 and TM87-005).
3.1.1 Kirchhoff Model

Models derived from the Kirchhoff integral, which is a simplified
form of the Vector Green's Theorem, for scattering from a boundary
have been shown to agree fairly well with measured backscatter
data (Beckmann 63). Consequently, they may also be applicable to
the bistatic case and certainly should be candidates for
examination. These models are applicable for terrain where the RMS
surface height fluctuation is much larger than the wavelength of
interest. Variations of the model are possible by assuming

different forms of the terrain surface height correlation
function.
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;i‘ 3.1.2 Perturbation Theory Model

[P

i} Another model based on Kirchhoff's 1Integral exists for the

{ condition where the surface height standard deviation and

W correlation length are smaller than a wavelength (SRS TM86-103).
) These models are based on the assumption that the surface can be
‘< described by a random surface which is Fourier-transformable.

‘o Variations of the model are possible by assuming different forms
) of the terrain surface height correlation function.

{i 3.1.3 Composite Model

'x, The Kirchhoff model and Perturbation models represent scattering
i from two classes of surfaces. Namely, those that are rough

e compared to a wavelength and those that are fairly smooth in

(“ relation to a wavelength. In addition, the derivations for both
\ e models neglect the effect of incident and reflected wave blockage
N by undulations of the surface (i.e., shadowing) which are of

Nﬁ importance at low grazing angles. Since actual terrain may
sv consist of both types of surfaces, it is natural to formulate a

o model which is the weighted sum of the two models with each model

Ly including an appropriate shadow function. This has been

_Qﬂ accomplished by SRS through extension of Sancer's (Sancer 69)
i; approach for shadowing from a randomly rough surface.

:ﬁ It is possible to include layering effects in these models through
W

the modification of the complex surface permittivity inherent in
- the models. Thus, surfaces covered with vegetation may be modeled
as can ice covered water, among others. This was done by SRS for
the Kirchhoff large-scale model since it was felt that modeling of

s vegetation or ice-covered trundra or sea water were important for
Ek HBR feasibility studies.
o 3.1.4 Barton Model
o The Barton Model (Barton 74) is a relatively: simple intuitive
‘ﬁi model of clutter scattering that can be applied to bistatic
- geometry. Its intended use was to aid in the evaluation of
T diffuse scattering from rough terrain on low-angle radar tracking
) systems. Barton's model divides clutter scattering into two
® distinct regions as a function of bistatic angle. The first
" region exists when the bistatic bisector is less than the RMS
:t surface slope. This is called the "glistening region.™ OQutside
f ’ this region, Barton's model is given by the geometrical mean of
:f the monostatic backscattering coefficients which would exist at
N the receiver and transmitter sites independently. It appears that

.“ the Barton model is an experimental confirmation of the theory
underlying the composite model described previously.

o

- 3.2 CLUTTER STATISTICAL MODELS

S

fﬂ

- Clutter models described in the previous paragraphs are limited to

“ the determination of the mean clutter reflecti.ity coefficient and

77, do not provide any information on the statistical nature of the

.
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coefficient. As before, a candidate model with a sound
analytical basis is desirable in contrast to the assumption of an
ad hoc probability density function.

3.2.1 Beckmann's Statistical Model

This problem has been addressed by Beckmann (Beckmann 63) in some

detail. Beckmann based his analysis on the premise that the
clutter signal is composed of an infinite sum of plane waves
arriving at the receiver with random amplitudes and phases. He

shows that under fairly general conditions for the nature of the
amplitude and phase variations of the plane waves, that the
resulting amplitude will be Rayleigh in nature.

Beckmann also examined the problcm for the case where not all wave
amplitudes were independent and the phases were not uniformly
distributed. The resulting amplitude density function is fairly
complex but has the attribute that it can be calculated given the
mean and variance of the clutter amplitude. Therefore, this is an
excellent candidate for examination by this program since these
parameters can be computed from the measured data.

3.2.2 Monte Carlo Statistical Fluctuation Model

A more complex and direct approach for determination of reflection
coefficient fluctuation behavior begins with the mathematical
expression for the scattering coefficient based on the Helmholtz
integral. This approach is desirable since characteristics of the
radar system can be incorporated into the integral's evaluation
and the variation of the actual received signal computed. This
can be accomplished by creating a random surface -with desired
electrical and surface height characteristics and restricting the
evaluation of the integral to the area illuminated by the system
as determined from the antenna patterns and pulse width. This
model has been implemented by SRS Technologies for comparison with
the clutter data. However, because the integral contains a phase
term that restricts the surface area increment size, its
computation for realistic beam areas can be rather time-consuming.

3.3 DATA REQUIREMENTS

In order to test the mean reflectivity models mentioned above, it
will be necessary to estimate their the mean values from sampled
data and compare these values to predicted results. Similarly,
probability density functions can be tested using various
hypothesis tests. Hypothesis testing may also alleviate the
problem of missing the "tails" of a distribution in the data due
to limited dynamic range.

3.3.1 Estimation of the Mean

Given n independent samples (x}, it can be shown that the sample
mean will exhibit a nearly Gaussian distribution (Central Limit

Theorem) . If we assume that an estimate of the mean value within
14
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10% »f its true value with a 95% confidence factor is adequate,
then the number of samples needed to estimate the mean is given by

o) T

nz{19.6 ———

(|

For a exponential probability density function, the ratio in the-

above expression is equal to unity, so that n 2 384. An upper
bound on n can be estimated using the Chebyshev inequality
(Parzen 67) as well. This results in n 2 2,204. Hopefully, the

scattering statistics will be nearer to an exponential density
(i.e., Rayleigh amplitude) so that the measured data will provide
even more accurate mean reflectivity values.

During data collection, a large number of pulses will be
transmitted and recorded for ground processing. For the above
analysis to be valid, each sample x must be independent.
Independence can only be ensured when the processed data is
obtained from clutter patches separated by at least one beamwidth
on the ground. In general, it will be difficult to meet this
requirement because of the rather large azimuth beamwidths
proposed by ERIM. For example, an aircraft flying at 220 Knots
. for S5 minutes will illuminate about 20 Nmi of terrain. For a
: nominal aim point range of 25,000 feet, a 10 degree beamwidth will
» be about 0.7 Nmi wide on the ground. Thus, a little over 25
) separate beamwidths will exist during a 5 minute flight.

It will be possible to increase the number of independent samples
by coherently processing the data to provide additional azimuthal
resolution (at least for low out-of-plane angle geometries). This
improvement is a complex factor of PRF, processing time, and
radar platform geometry. It is recommended that the requirement
for independent data be considered when selecting coherent
processing parameters.

3.3.2 Hypothesis Testing

Another data analysis objective is to estimate the probability
density function which characterizes the clutter data base. This
can be achieved by comparing binned reflectivity data to a known
distribution (Press 86). The accepted test for differences |
: between binned distributions is the chi-square test. That is, bin
. sizes are selected to yield a reasonable number of samples is each
bin (e.g., five or more) and the difference between the observed
number and the number predicted by the test distribution computed
to form the chi-squared statistic. 1If this statistic results in a
low significance probability, then the two distributions are
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unlikely to be related. However, it the significance statistic is
large, then they are likely to be related.

In this manner, a priori statistical models may be compared with
the clutter data base for likely matches. Thus, even through the
system dynamic range is limited, it may be possible to use this
approach to estimate the "tails" of the distribution since the
major chi-squared statistic terms come from data below the tails.
Some of the density functions that will be tested include (1)
Exponential, (2) Gamma, (3) Gaussian, (4) K Distribution, (5) Log
Normal, and (5) the Weibull. These probability density functions
are described in SRS UR86-173.

3.4 CLUTTER WORKSTATION

SRS Technologies has developed a radar clutter workstation that
provides information about clutter behavior on radar system
performance. The workstation incorporates the mean reflectivity
models described in the above paragraphs. The workstation
provides information for both monostatic and bistatic radar system
configurations. Graphical output is organized into three
categories (1) geometrical, (2) clutter phenomenology, and (3)
system performance. The clutter models include the Kirchhoff,
perturbation, and composite. The 1latter includes shadowing.
Scattering is computed for various terrain types which may be
represented by exponential or Gaussian surface height correlation
functions having specified correlation lengths, orientations, mean
surface height, and surface height standard deviation. Electrical
properties of the terrain including complex permittivity and
permeability can also be specified. The effect of vegetation and
foliage can be accounted for by selecting a layered Kirchhoff
model fcrmulation.

This workstation has been utilized extensively to predict signal
levels that can be expected during the CMP data collection
missions. It also serves as a repository of clutter model
information for future data analysis. The workstation is
described in (SRS TM87-005) and an operator's manual in (SRS TM87-
009) .
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4.0 MEASUREMENT SYSTEM DESCRIPTION

Clutter data collection equipment for the Clutter Measurements
Proaram (CMP) in support of the Hybrid Bistatic Radar (HBR)
concept feasibility effort is wunder development by the
Environmental Research Institute of Michigan (ERIM). ERIM is
being supported by RADC and DARPA under contract F30602-86-C-0055.
The measurement system will consist of two aircraft platforms.
The first will carry the bistatic radar transmitter. The second
aircraft will carry a receiver that will record the bistatic
transmissions. In addition, the second aircraft will have its own
transmitter and utilize the same receiver in a time-multiplexed
mode for reception of monostatic (backscatter) transmissions.
Both transmitters will operate at L-band (approximately 1.25 GHz)

and their transmissions synchronized by atomic clocks on each
aircraft.

A detailed description of the ERIM equipment can be found in
Reference (ERIM Design Plan, 87) and only its pertinent features
summarized here. Since SRS Technologies will collect ground truth
data during the measurement flights and later analyze the data,
these aspects of the measurement system will be included in this
section. Of particular importance is the signal processing
software developed by SRS Technologies which greatly improves the

accuracy of the ERIM instrumentation and is discussed in Section
6.0.

4.1 ERIM BISTATIC SYSTEM

The ERIM bistatic data collection transmitter parameters as of
November 1987 are summarized in Table 4-1. Common receiver
parameters are shown in Table 4-2. It should be noted that the
receiver system receives one linear polarization at a time.

Table 4-1 ERIM Bistatic Transmitter System Parameters

PULSE WIDTH 125 nanoseconds

BANDWIDTH 8 MHz
WAVEFORM Pulsed Carrier
TRANSMITTED POWER 5 Kw
CARRIER FREQUENCY 1250 MHz
TRANSMTTER PRF 2000 Hz
TRANSMIT POLARIZATIONS VvV, H
ANTENNA GAIN 16.5 dB

ANTENNA BEAMWIDTH 10 x 60 degrees

17




Mha AL B3 4. ile Sl Ate Al 4 T OW TS T T T T TR T W DR DV DW T TR T T TR VWY U R VT LR A LR R AR R T e e e

Table 4-2 ERIM Common System Parameters

CHANNEL PRF (8 CHANNELS) 500 Hz
SAMPLES PER PULSE 40
STEPPED GAIN Up to Four Steps
SAMPLE WORD LENGTH 6 bits I and 6 bits Q
SAMPLE TYPE Complex
INSTANTANEQUS DYNAMIC RANGE 29 dB with 10 dB CNR
MANUAL DYNAMIC RANGE >40 dB
TOTAL POTENTIAL DYNAMIC RANGE 70 dB
HIGHE DENSITY DATA TAPE RECORDER CAPACITY -, >S5 Hours
COHERENCE TIME 100 milliseconds
SYSTEM TIMING ACCURACY 1 part in 1012
RECEIVER POLARIZATIONS Vertical, Horizontal
RECEIVER ANTENNA Same as Monostatic Source
AIRCRAFT NAVIGATICN Ground Beacons

4.2 ERIM MONOSTATIC SYSTEM

The ERIM monostatic data collection transmitter parameters as of
November 1987 are summarized in Table 4-3. The common parameters
in Table 4-2 are also applicable to the monostatic system.

Table 4-3 ERIM Monostatic Transmitter System Parameters

PULSE WIDTH 4 microseconds
BANDWIDTH 250 KHz
WAVEFORM Pulsed Carrier
TRANSMITTED POWER S KW
CARRIER FREQUENCY 1250 MHz
TRANSMITER PRF 2000 Hz
TRANSMIT POLARIZATIONS Vertical, Horizontal
ANTENNA GAIN 16.5 dB
ANTENNA BEAMWIDTH 10 x 60 degrees

4.3 WAVEFORM AND CHANNEL DEFINITION
A typical waveform showing the relationship between the bistatic

and monostatic pulses and the corresponding polarization
combinations is shown in Figure 4-1.
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4.4 AUXILIARY FLIGHT DATA COLLECTION EQUIPMENT

In addition to the airborne instrumentation equipment under
development by ERIM, there are a number of ground support systems
required for mission support. These include (1) a beacon
positioning system, (2) Active Radar Calibrators (ARC's), and (3)
an antenna gain measurement system.

4.4.1 Aircraft Positioning System

ERIM originally proposed that the position of each aircraft during
a data collection mission be determined by on-board Global
Positioning System (GPS) receivers. The use of differential GPS
techniques would have provided position accuracies on the order of
10 meters CEP (circular error probability) in the horizontal plane
and 60 feet in altitude.

At the present time it appears that this approach is not viable
due to insufficient coverage by the existing constellation of GPS
satellites. Consequently, ERIM has proposed the use of ground-
located beacons for positioning. ERIM estimates that aircraft
position using the on-board Inertial Navigation System (INS)
updated by the ground beacons will provide a horizontal CEP of 45
meters and an altitude accuracy of 300 feet. This accuracy is
acceptable for pointing the antennas at specified points on the
ground but is not adequate for precision clutter reflectivity
measurements because of their extreme sensitivity to geometric
factors.

4.4.2 Active Radar Calibrator (ARC) System

Because of the sensitivity of bistatic clutter reflectivity
coefficient measurements to geometry noted above, and the need to
provide accurate calibration of the power received, ERIM will
utilize another set of extremely pre ise repeaters located at
surveyed ground sites. These repeaters are referred to as Active
Radar Calibrators or ARC's. similar devices proved useful during
the Shuttle Imaging Radar B (SIR-B) experiments several years ago.

The ARC's will provide a calibration reference for both the
bistatic and monostatic system data. They will also provide an
extremely accurate range update which can be used to augment the
INS/Ground Beacon positioning system data. Since the ARC's will
maintain signal coherence, they can also provide precise doppler
offset information. The latter information will be utilized in by
SRS Technologies signal processing software in the conversion of
digitized data to clutter reflectivity coefficient.

SRS Technologies and ERIM prepared a specification (SRS UR87-044)
for these ARC's during the program and a prototype of the device
is undergoing testing at this time. The effective bistatic RCS of
an ARC will be 55 dBsm and 50 dBsm for a monostatic ARC. The
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ARC's will both delay and doppler offset the repeated signal to
help reduce interfering clutter effects,

4.4.3 Antenna Pattern Measurement System

As discussed in Section 2.0, measurement system accuracy is a
function of the combined antenna patterns in the bistatic case.
In fact, small antenna gain errors cause proportionate errors in
determination of the clutter reflectivity coefficient from
recorded data. Because of this, ERIM has investigated several
antenna pattern measurement concepts. The first consists of a
linear array of calibrated receivers which record the amplitude of
the signal as the beam is flown past the array. ERIM has
estimated the accuracy of this approach at about 0.5 dB relative
accuracy and 0.5 dB absolute accuracy. An alternate approach is
the use of an existing antenna pattern measurement range located
near RADC in Rome, New York. No decision has been made on either
approach at this time.

4.5 GROUND TRUTH INSTRUMENTATION

7

iy

Examination of the Kirchhoff Integral related clutter models
described in Section 3.0 shows that scattering is strongly
influenced by physical and electrical properties of the underlying
terrain. Physical characteristics describe the roughness of the
surfaces, how they vary over the region of interest, and any
layering that may be significant. Electrical properties include
the complex dielectric constant (sometimes called the complex
permittivity) of the surface material and underlying layers and
its permeability. Measurements of these quantities are called
"Ground Truth Measurements" and must be made in conjuction with
flight measurements in order to validate the models. Without good
ground truth data, the utility of the flight data is significantly
reduced since there is no foundation for extrapolation of the
flight data to other types of terrains.

¢
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4.5.1 Ground Truth Measurement Requirements
4.5.1.1 Surface Height Data

Reference (SRS UR87-060) contains a more detailed discussion of
ground truth requirements and is summarized in the following
paragraphs. Surface height measurements of the terrain are needed
so that the surface height and surface slope probability density
functions can be estimated. Measurement of this information must
be performed with sufficient accuracy to determine the composite
(two-scale) model parameters. The large-scale model (Kirchhoff
model) surface height parameters can be estimated using
topographical map data. However, the small-scale (perturbation)
model requires surface height measurements with an accuracy of 0.1
wavelength or less (about 3 em at L-band). In addition, the
horizontal spacing of these measurements should be on the order of
0.5 wavelengths (15 cm at L-band). Because of the latter
requirement, it is 1likely that only a limited number of regions
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within the data collection region can be sampled in a reasonable
time. Thus, some care should be taken in their location so that
they are representative of the terrain in the overall data
collection area.

4.5.1.2 Terrain Electrical Characteristics

The principal electrical parameter required for model validation
is the complex permittivity of the surface and any significant
layers. The value of the dielectric constant is almost entirely
determined by the terrain's water content and there are complex
formulations relating water content and material composition to
dielectric constant. However, since instrumentation exists to
measure the relative dielectric constant (i.e., relative to the
permittivity of free-space) directly, the direct approach is
preferred. 1In this case, the real part of the dielectric constant
may range from 1 to 80 for material of interest and the imaginary
part from 0.01 to 20. The dielectric constant should be measured
at varying depths below the surface with the deepest depth
determined by its extinction coefficient at L-band (this can be
computed in the field). In addition, the dielectric constant of
any vegetation covering the surface should also be recorded and it
density.

Since most materials are non-magnetic, they will be characterized
by the permeability of free-space. Consequently, this parameter
will not need to be measured.

4.5.2 Ground Truth Measurement Equipment

Procedures for collection of ground truth data are described in
SRS UR87-112 and are summarized here. Large-scale surface height
data can be obtained from U.S Geological Survey Service maps or
digitized tapes for the regions of interest (digitized data is not
available for most of Michigan). Small-scale surface height data
will be measured with an acoustic ranging system moving along a
horizontal track. The track will be oriented in several
directions to provide a measure of the spatial characteristics of
the small-scale height data. Logistical considerations limit the
amount of terrain which can be measured in this manner. As a
minimum, these measurements should be made at the beginning,
middle, and end of the data collection ground track (i.e., about 9
Nmi apart). At least 30 feet of data should be collected is the
selected directions. An alternative approach is the use of a
carpenter's tool called a "Formit" which consists of a row of
wires held in place by friction between two plates. When the row
ends are pressed against an irregular surface, the individual
wires will adjust to reproduce the irregular contour form. The
surface roughness can be transferred by tracing the contour with a
pencil on a piece of paper.

At L-band frequencies, penetration of the surface can occur up to
several wavelengths depending on the moisture content and
composition of the surface. Foliage type, density, and height
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above the surface should be recorded. Similarly ice or snow
covering should be described and measured. A tubular soil sampler
‘ (e.g., Lord Model 225) can be inserted into the ground and visual
determination of the soil profiles made.

To avoid the wuse of soil mixture models and water content
e measurements, direct measurement of the surface (and subsurface)
’ complex permittivity will be made. This will occur at the surface
roughness measurement sites. A specification for this tool was

. prepared by SRS Technologies (SRS UR87-045). A device which
satisfies these requirements is available from Applied Microwave
Corporation (AMC). The sensor head is merely pressed against the

surface to be measured and the real and imaginary parts of the
dielectric constant recorded. This instrument will work with both
fresh water and sea water.

A video recording of the test area should be made within two hours
of the data collection flights. Any unusual geological features,
: surface cover, topology, or man-made features should be recorded
3 and their locations accurately measured.
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5.0 SITE SELECTION

SRS Technologies site selection efforts initially examined
locations that were similar to those proposed for an operational
Hybrid Bistatic Radar (HBR) system. The rationale for this
approach was to ensure utility of the resulting bistatic and
monostatic clutter data base for HBR feasibility analyses.
Proposed HBR operation areas can be categorized into two major
classes. The first includes a 200 Nmi wide defensive semi-
circular ring around the continental United States (including both
coasts and the northern border but excluding the southern border).
This is shown in Figure 5-1. The second operational area is
provides naval protection and consists of isolated ocean regions
centered on Fleet locations and is illustrated in Figure 5-2. It
was concluded that CMP collection sites should encompass nearly
equal amounts of ocean and land. Ocean areas should be within 200
NMi of both coasts and the land area should be representative of
the Canadian Arctic.

As the Clutter Measurements Program unfolded, the extensive
geographical data collection program that would be needed to fully
support HBR concept evaluation was reduced in scale because of
funding 1limitations and wuncertainties in ERIM aircraft
availability. Consequently, SRS Technologies was tasked to
identify specific sites in California and Michigan for data
collection flights which would offer maximum HBR utility. This
activity resulted in the identification of the Pacific Missile
Test Center located at Point Mugu, California as a base for ocean
clutter data collection flights. In addition, desert areas near
Edwards Air Force base, California were proposed as additional
data collection sites. The latter sites were included since dry
sand and ice exhibit nearly identical scattering behavior at L-
band and would provide scattering behavior similar to the Arctic
region. Since the main purpose of the Michigan flight is to
validate data collection system performance and provide pilot and
crew training, the Michigan site selected was near the Wlllow Run
airport where ERIM aircraft are based.

At the current time, SRS Technologies has been directed to address
test planning only at the Michigan site. It is assumed that more
comprehensive measurements will be made in a future program after
ERIM data collection system performance has been demonstrated.

5.1 MICHIGAN SITE

A detailed Test Plan and Procedures document for clutter data
.collection in Michigan was delivered to the Government as SRS
UR87-112. This comprehensive document defines (1) data collection
objectives, (2) participants and responsibilities, (3) mission
plans, (4) communications plan, (5) ground support activities, (6)
mission description, (7) waypoint description, and (8) contingency
planning. The scope of the data collection at this site was
limited to about three hours since only 12 hours of total flight
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time was scheduled by ERIM and the balance of the time was devoted
to system checkout and crew training.

Because of the system validation aspects of these flights and
concerns regarding potential ARC multipath interference associated

with low grazing angles, a test geometry that avoided the
multipath problem was proposed by SRS Technologies (SRS UR87-112)

for a discussion of this problem).

A site located at 84 degrees

12 minutes west longitude and 42 degrees 25 minutes north latitude
was chosen because of its close proximity to Willow Run Airport
and relatively well-behaved terrain. A capsule summary of the
data collection geometry for this site and series of tests is

given in Table 5-1.

Table 5-1 Michigan Data Collection Flight Geometry

Bistatic Receiver/Monostatic Radar
Altitude
Grazing Angle
Speed
Heading
Flight Path
Out-of-Plane Angle

Bistatic Illuminator
Altitude
Grazing Angle
Speed
Heading
Flight Path

12,000 feet AGL

20 degrees

220 Knots

true north

race track

C degrees, 5 degrees,
10 degrees, 20 degrees,
and 35 degrees

12,000 feet AGL
35 degrees

220 Knots

true north

race track

Because of the short time available, the proposed number of out-
of-plane angles may not be accomplished. 1In this case, the in-
plane (i.e., 0 degree out-of-plane angle) geometry should be
attempted first since interpretation of clutter data for this
geometry is more straight-forward than the other cases. Note that
platform altitude is specified as Above Ground Level (AGL) to
ensure the desired grazing angles are achieved on the ground.

Although the SRS Technologies radar clutter workstation predicted
substantial bistatic clutter returns for the above in-plane
geometry, it appears likely that the monostatic return may be so
low as to be undetectable. This results from the extremely low
backscatter clutter reflectivity coefficient expected at small
grazing angles. (SRS UR87-059) discusses this issue in more
detail. As a consequence, it may be desirable to reallocate

monostatic data channels to the collection of additional bistatic
data.

Consequently, it is recommended that at least one data collection
pass be made to confirm monostatic clutter signal strength is
below the receiver noise level. If this is confirmed, then the

25




remaining passes should concentrate on collection of bistatic
clutter data.
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6.0 SIGNAL PROCESSING SOFTWARE

SRS Technologies will be responsible for processing and analyzing
clutter data collected by the ERIM instrumentation. Clutter data
for a given mission will be stored on a High Density Data Tape
(HDDT) in real-time and converted to a Computer Compatible Tape
(CCT) during post-mission processing. The CCT will be compatible
with most general purpose tape devices. During this program, SRS
Technologies participated in the definition of the CCT format.
Since it was recognized that the ERIM instrumentation could not,
by itself, provide accurately calibrated clutter data, SRS
Technologies developed the necessary signal processing software to
accomplish this using data recorded on the CCT. Thus, the signal
processing software can be viewed as an extension fo the ERIM data
collection instrumentation. It 1is anticipated that SRS
Technologies will perform software development for clutter data
analysis software in a future effort. Data analysis software will
perform statistical analyses and evaluate various clutter model
candidates.

6.1 COMPUTER COMPATIBLE TAPE FORMAT DEFINITION

A detailed CCT interface specification was prepared as (SRS UR87-

014) over the course of this program. This specification was
reviewed by both ERIM and DSA and was revised five times based on
comments received from these organizations. Since each data

collection pass (about S5 minutes of clutter data recording) will
result in an enormous amount of raw data, the format for the CCT
was designed to minimize the number of magnetic tapes holding this
data. The CCT format selected will result in data from a single
pass being stored on two and one-half, 2400 feet, 1600 BPI tapes.

6.1.1 Computer Compatible Tape Characteristics

In order to be compatible with the majority of computer tape
drives, the CCT will conform to level 3 of the ANSI standard
(American Standard X3.27-1978) for labeled magnetic tapes. The
salient features of this standard include (1) nine tracks per
tape, (2) 1600 bits per inch, (3) one file per pass, (4) and 1964
bytes per record.

6.1.2 Computer Compatible Tape Data Format

The data on each CCT representing one pass of a many pass mission
will include (1) pass identification data, (2) calibration data,
(3) pass characteristic data, (4) location data, and (5) radar
channel data. This data will be written on the CCT using a
standard record format of 1964 bytes. The six types of records
are (1) Pass-Header Record, (2) Attenuation Record, (3) antenna
Pattern Calibration Record 1, (4) antenna Calibration Record 2,
(5) Auxiliary Data Record, and (6) Channel Data Record.
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6.1.2.1 Standard Header Record

The first four bytes of the each record are the record header
which indicates the type of record. The next eight bytes of the
header contain a unique number identifying the record. The
remaining 1952 bytes contain the data characteristic of the record

type.
6.1.2.2 Pass-Header Record

The Pass-Header Record will <contain mission and pass
identification information, ARC 1locations, synchronization
information, channel polarization definitions, and attenuator
setting data. This record will contain the 1location of the
aircraft waypoints and detailed data on the radar waveforms.

6.1.2.3 Attenuation Record

This record contains six-bit samples of receiver output in I2 + Q2
form corresponding to known power levels injected into the
receiver front end after each pass.

6.1.2.4 Antenna Pattern Records

This record contains antenna pattern calibration data that will be
used in the determination of the reflectivity coefficient. It was
felt that this data should be included on each set of pass CCT's
so that they a set could be processed independently. There will
be a record for each antenna.

6.1.2.5 Auxiliary Data Record

Information stored on this record will include position location
beacon coordinates, aircraft true heading and altitude, velocity,
and acceleration, power meter readings, commanded antenna pointing
angles, and the servo loop correction angles.,

6.1.2.6 Channel Data Record

This record consists of four 488 byte subrecords and contains the
digitized channel I and Q data. The first eight bytes of each
subrecord are the pass pulse number. The remaining 480 bytes are
divided into 60 byte parts, each part correspoanding to one
receiver channel. Each 60 byte part contains eighty, six-bit
digital samples (40 in-phase and 40 quadrature) for a channel
corresponding the system's 40 range gates.

6.2 SIGNAL PROCESSING SOFTWARE DESCRIPTION
At the time this report was written, a CMP data collection mission
was envisioned to consist of a number of passes over a selected

region with each pass corresponding to a geometry of importance to
HBR. In addition, because of multipath effects on the ARC signals
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:ﬂ? at low grazing angles, a separate pass at higher grazing angles
'U' will be flown to collect uncorrupted ARC data. After each pass,
W the receiver transfer function will be calibrated by injecting
i signals of various levels into its front end.

During each pass (including the ARC passes) each of eight channels
of linearly polarized monostatic and bistatic signal data will be

-
-
-
-
Pl

w coherently sampled and recorded. Each channel will be sampled
}} with forty range gates centered about the time-of-arrival of the
DYy nominal beam aim point. Position, velocity, and acceleration of
S each platform are also recorded as auxiliary data.

N

)
;fb The purpose of the signal processing software developed by SRS
‘o Technologies is to derive a time series of calibrated clutter
oy reflectivity coefficients from the digitized data for later data
( analysis. This is a complex process because of instrumentation

e system characteristics and the unusual nature of bistatic radar
|$§ range-doppler cell features.

Ni.. L3 1] . o
nqg 6.2.1 Signal Processing Software Functional Definition
o \\ -
L;' Signal processing has been organized into two major functions.

ran These are: (1) ARC pass calibration, and (2) clutter reflectivity

K N coefficient computation.
)
- 6.2.1.1 ARC Pass Calibration
wad
ii’ This signal processing function utilizes the internal receiver
L calibration data to determine the transfer function of the
Y receiver for given channel attenuator settings. External ARC
I:e calibration signals are then used to relate this curve to an
aj absolute RCS level. A scale factor will be derived from the
i}r detected ARC signal and used later for conversion of digitized
0% clutter data to RCS in square meters. ARC detection involves
Y coherent processing and searching range and doppler bins for the
R desired calibration signal. Auxiliary channel ‘data will be used
o to determine the most likely times on the data tape to search for
b, the ARC signals.
>
poie 6.2.1.2 Clutter Data Processing
®

Clutter data processing involves prediction of platform positions,
locating the aimpoint range gate, calibrating the data,
interpolating sample levels between range gates, accumulating a
number of time samples for each channel, performing coherent

'“ﬂ processing, and sampling the aimpoint doppler frequency bin. Only
® the range doppler cell corresponding to the center of the range
P gate will be utilized.
”2 Because of the sensitivity to aircraft position errors in the
- bistatic system, ARC data embedded in the clutter pass will be
s used to compensate for this error source. Finally, antenna
.’ pattern calibration data will be used in the computation of the
> clutter reflectivity coefficient from the recorded data. A more
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;ielzréalled description of these functions can be found in (SRS UR87-
)
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o 1.0 INTRODUCTION

:..‘ .
{ One of the most critical design parameters for the HBR bistatic CMP radar is
%‘; pulse width since the bistatic range equation shows that the square of the
3:¢ pulse width affects the expected Clutter-to-Noise Ratio (CNR). That is, as

\j pulse width increases, illuminated ground area increases proportionally
{24 causing an increase in received clutter power. Similarly, as pulse width
5 increases (signal bandwidth decreases) receiver if bandwidth can be reduced
Cy resulting in less noise power competing with the clutter signal. The net
:_‘ result is a dramatic increase on CNR.

[} " ) .

X ;& Selection of an optimum pulse width for bistatic clutter measurements is
i}} : complicated by several opposing factors. First, of course, is illumination of
o a reasonably large clutter area so that the clutter return (which exhibits
( statistical fluctuations) can be measured without corruption by receiver
e noise. This requirement is achieved by increasing the pulse width until a
S suitable CNR has been achieved. In constrast, the pulse width must be made
.Ab' short enough so that the direct path signal does not interfere with the signal
“ﬂ: arriving from the desired clutter patch(es). Finally, the pulse width must
oy satisfy similar requirements for the companion monostatic radar since cost and
° complexity considerations constrain the bistatic and monostatic pulse widths
Eﬁ& to be identical.

I 2.0 BISTATIC PULSE WIDTH C/N AND DIRECT PATH OVERLAP TRADEOFF

i ,

e To date, ERIM has proposed two pulse widths for ‘the bistatic radar. These are

0.5 microseconds and 50 nanoseconds. ERIM has ‘calculated a CNR corresponding
to the 50 nanosecond pulse for nominal system geometries and a clutter

e ”

N reflectivity of 0 d8. Adjusting the ERIM CNR of 43 dB for a more realistic - ‘
’55 30 dB, results in a CNR of only 13 dB. This value is marginal in the sense

that the statistical variation in clutter reflectivity will mean that the |
clutter return will be below the receiver noise level much of the time. For !
example, assuming that the clutter amplitude 1is Rayleigh distributed ‘

(24

LA
hall 7,

-’ (exponential power), means that the clutter return would be below the average

V) receiver noise level about 30 percent of the time. ERIM has also shown that a

Q?Q 50 nanosecond pulse will provide approximately 26 nanoseconds temporal

e separation between the direct path signal and the minimum bounce path signal

K for an in-plane large bistatic angle geometry (i.e., a transmitter grazing

L0 angle of 10 degrees, a receiver grazing angle of 1 degree, and the
transmitter, clutter patch, and receiver all in the same vertical plane.). It

e can be shown that the minimum bounce occurs on the surface where the

fff transmitter and receiver grazing angles are equal (i.e., the incident angles

o are equal). Since this location only corresponds to the desired clutter patch

. location when the bistatic transmitter and receiver platforms. are at the same

e altitude (identical grazing angles), it may be possible to increase the 50

‘[_ nanosecond pulse width in the 1large bistatic angle case substantially

.- resulting in a significantly improved CNR ratio.

o Calculations indicate that for the nominal ERIM in-plane geometry described

e above (with the slant ranges from the transmitter and receiver platforms to

O the clutter patch fixed at at 25,000 feet) that the leading edge of the

o minimum path signal will arrive at the receiver 76 nanoseconds after the

3% leading edge of the direct path transmitted signal arrives at the receiver.

:: Thus, a 50 nanosecond pulse will provide 26 nanoseconds margin for receiver

Cal
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recovery after the trailing edge of the direct path signal and arrival of the
leading edge of the minimum bounce pulse. However, measurement of clutter
from the minimum bounce region is not what is desired for this geometry since
its bistatic and grazing angles are different than the 10 degree, 1 degree
desired. It can be shown that the leading edge of the pulse reflected from
the desired clutter region arrives at the receiver 231 nanoseconds after the
leading edge of the direct path signal or 155 nanoseconds after the minimum
path signal. Hence, if the minimum path clutter reflectivity is on the order
of the desired clutter patch reflectivity (i.e., so receiver sensitivity is
not affected), then the transmitted pulse could be as large as 200

-nanoseconds; leaving a 31 nanosecond margin between the trailing edge of the

direct path pulse at the receiver and the arrival of the leading edge of the
pulse from the desired region. Of course, the minimum path signal and direct
path signal would overlap for 124 nanoseconds. Increasing the pulse width

from 50 nanoseconds to 200 nanoseconds in this way would result in a CNR
improvement of 12 dB.

On the other hand, if the minimum path signal is very large (e.q., the region
behaves as a smooth specular reflector), then the return from the desired
clutter patch could be masked by the large specular return causing a large
receiver AGC signal which had not decayed significantly by the time the
desired pulse arrived at the receiver. This problem can be solved by blanking
the receiver front-end for some time after the ‘specular (minimum path) pulse
trailing edge arrives at the receiver. Assumming a 30 nanosecond delay is
adequate for these purposes as in the previous example, the transmitted pulse
could be as large as 125 nanoseconds (155 nanoseconds - 30 nanoseconds).

This would result in a CNR improvement of 8 dB  compared with a 50 nanosecond
pulse.

Consequently, in either of the cases discussed above, considerable improvement

in CNR is achievable by choosing a pulse width in the 125 to 200 nanosecond
region.

3.0 MONOSTATIC RADAR PULSE WIDTH COMPATIBILITY

The monostatic single pulse bandwidth 1imited CNR has been calculated based on
parameters provided by ERIM for the bistatic radar. In this case, the
illuminated area is about 1.9 million square feet. Using these values with a
monostatic clutter reflectivity coefficient of -30 dB at a range of 25,000
feet, results in a CNR of 19.9 dB for a 125 nanosecond pulse. The CNR becomes
22.4 dB for a 200 nanosecond pulse. These CNR can be contrasted to that for a
50 nanosecond pulse or 11.9 d8. Clearly the larger pulse widths are desirable
for both the bistatic and monostatic radars.

Since the two-way range resolution for the 125 nanosecond and 200 nanosecond
pulses are 61 feet and 98 feet, respectively, the receiver may be blanked for
a sufficient time to ensure adequate sensitivity for the reception of these
pulses from the desired clutter areas.

4.0 CONCLUSIONS.

The analyses in the above paragraphs lead to the conclusion that the optimum
bistatic and monostatic pulse width is on the order of 125 to 200 nanoseconds.
pulse widths in this range will provide adequate CNR's for both the bistatic
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and monostatic radars under difficult geometry and clutter reflectivity
conditions. In addition, the direct pulse return will not overlap the desired
clutter signal. Similarly, the monostatic return will be free of a similar
problem. Consequently, it is concluded that the minimum ERIM CMP radar pulse
width should be at least 125 nanoseconds and that the bistatic receiver be
blanked from pulse transmission until 30 nanoseconds prior to reception of the

signal from the in-plane high bistatic geometry area to alleviate receiver
saturation problems.
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SN 1.0 INTRODUCTION

-I"\<

::. This report presents the results of a .brief examination of pattern
WS measurements made by Chu Associates in April 1986 of an L-X Band antenna ERIM
{ has proposed for the Hybrid Bistatic Radar (HBR) Clutter Measurements Program
o . (CMP).  This antenna will be installed in the SARLAB aircraft. This data was
y., provided by Rome Air Development Center as part of contract F30602-86-C-0045.
e Emphasis was placed on examination of the L-Band patterns since the proposed
s CMP taseline bistatic clutter measurements system will - operate at this
s.g frequency.

o 2.0 TEST RANGE RESULT ANALYSIS

i

;5& Chu Associates made L-Band antenna measurements for the range of test
Ny parameters shown in Table 2-1. The antenna was rotated through 360 degrees
S with zero degrees as the boresight reference. The matrix patterns were

o7\

measured at three frequencies: 1.195 GHz; 1.245 GHz; and 1.295 GHz.

o
P
iy .

o TABLE 2-1 TEST MEASUREMENT CENTER

L
e
@ PLANE SOURCE POLARIZATION TEST ARTICLE PATTERNS

Y,

A Azimuth
. Vertical Vertical
0 Vertical Horizontal
™~ Horizontal Horizontal
( - Horizontal Vertical
o Elevation
S Vertical Vertical
A Vertical Horizontal
' Horizontal Horizontal
‘:: Horizontal Vertical
- Unfortunately, drawings or photographs of the antenna were not included in the
oy data package. It is stated that the test was conducted with the X and L-Band
é? arrays positioned as close as possible to each other in the elevation plane.
e The L-Band antenna is referred to as a "log-periodic array." Whether or not
;;, the proximity of the X <and L-Band arrays resulted in the anomalous behavior
;- described below in not known but should be investigated.

5 2.1 COMMENTS ON MAIN BEAM SHAPE , ?
2N . :
7 Examination of the measured azimuth and elevation patterns reveals a
o symmetrically shaped smoothly varying main beam for vertical polarization. In
o contrast, the horizontal polarization main beam shape in both cuts.is
. relatively distorted and deviates about 1-2 dB from a smooth pattern.
- 2.2 BEAMWIDTH RESULTS
o ~

'ee The 3 dB beamwidths measured by Chu Associates lie with 1-2 degrees of that

N expected for a uniformly illuminated aperture in the azimuth plane but appear
. about 10 to 30 degrees wider in the elevation plane. This may be due to the
P, 42
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hn difference in aperture efficiency between the uniformly illuminated model and
NN the actual radiating elements. '
o
ohy 2.3 SIDELOBE LEVELS
’*\ Again, vertically polarized sidelobes behave nicely and are below those of an
JQ equivalent uniformly illuminated aperture in both the azimuth and elevation
" cuts. However, the horizontally polarized sidelobe 1levels for both cuts
S exhibit anomalous behavior. That 1is, the horizontally polarized arimuth
Y pattern shows the first two sidelobes about 3-4 dB higher than those expected
= for a diffraction limited antenna and generally more pronounced than for the
" / corresponding vertical polarization. The" same is true  of the horizontal
R :H polarization sidelobes in the elevation plane.
n ' :

2.4 ON-AXIS GAIN

-
- K

The Chu test report indicates the gain for horizontal polarization is about 2-
4 dB less than for the vertical polarization and does not meet the 17 dB goal.

TN Y T3

NN In general, the design goal of 17 dB is exceeded in the vertical polarization
l\{} for the frequencies tested.

AYG

: ':2 2.5 CROSS-POLARIZATION RESPONSE

!{ Polarization isolation of 20 dB is generally not achieved in the azimuth plane
v%?, for both horizontal and vertical cross polarizations. The elevation plane
) polarization isolation generally exceeds 20 dB except for one case that may he
SO explained by antenna misalignment.

L a

3.0 CONCLUSION

N

This analysis of Chu Associates data supports the contention that the L-Band
horizontal polarization patterns are indicative of a problem in the antenna.
The impact on clutter measurements may be significant if the problem is a
fundamental design issue and cannot be fixed. Specifically, the non-linearily
of the elevation pattern coupled with large, near-in sidelobes may cause a
relatively large error in clutter RCS measurement -and its inversion to

EFSL LSS

-

"y reflectivity coefficient; especially, for horizontally polarized data. A
K computer simulation comparing the ratio of sidelobe power to mu.in beam power
W for the ideal antenna and one with abnormal sidelobes was performed to examine
:b . this issue. For the ERIM out-of-plane geometry this ratio was -26 dB along a
W constant bistatic range ce€ll for the ideal antenna. The simulated abnormal
® sidelobe pattern degraded this ratio to -5.4 dB. Thus, about 28.8 percent of
O the received power is due mainly to abnormal sidelobe contributions. This is
'*ﬁ a worst case figure since the clutter reflectivity coefficient was assumed
- constant over the entire illuminated area. It does, however, emphasize the
\ﬁ% need to understand and correct the ERIM antenna sidelobe problem.
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1.0 INTRODUCTION

This report has been prepared under Contract Number F30602-86-C-0045, as part
of the Design Plan called for by ELIN AO003. In particular, this report
explores the adequacy of the Environmental Research Institute of Michigan's
(ERIM) proposed antennas for the Hybrid Bistatic Radar (HBR) Clutter
Measurements Program (CMP) monostatic and bistatic instrumentation radars.
The antenna issue is critical because it is considered to be a "long lead time
item" and anv deficiencies found in 1its design might Jjeopardize the overall
CMP in terms of cost, schedule, and performance. '

o This report is.organized in the following manner. - Section 2.0 discusses the
; : ideal antenna model wused to assess the performance of the ERIM antenna for
e measurement of clutter data. Section 3.0 utilizes this model -and other
i information to assess the antenna's ability to provide meaningful clutter
:ﬁ phenomenology data and derive reasonable requirements for the actual antenna.
C Lastly, Section 4.0 summarizes the results of this analysis and comments on
> ot the impact of differences between the ideal antenna model and recent test
o measurements of an existing ERIM L-band antenna similar to those proposed for

™ the Clutter Measurements Program.

" .
:‘ 2.0 ERIM ANTENNA DESCRIPTION
,3 ERIM has proposed the use of two nearly identical antennas for their HBR CMP
R bistatic instrumentation. The first of these antennas will be mounted on the
Il bictatic receiver/monostatic radar aircraft and the second on the illuminator
S aircraft. The antenna on the histatic receiver/monostatic platform will also
o act as the monostatic radar antenna. The design goals of the L-band antennas
( are shown in Table 2-1.
w Table 2-1 ERIM Antenna Characteristics
»
;L Parameter Goal
- Elevation Beamwidth 60 degrees
— Azimuth Beamwidth 10 degrees
Gain - 17 dBi
' Polarization Vertical

and Horizontal
Elevation Sidelobes

‘ First - Vertical -11 d8

L First - Horizontal ' -13 d8

c Azimuth Sidelobes
- First - Vertical -14 d8

.. First - Horizontal -13 d8

- Polarization Isolation 20 d8

< Dimensions .

d Length 5 feet

- Height - : 1 foot

,? The analyses in the body of this report require a2 model of the proposed ERIM
i antenna in many instances. The model used for these purposes is based on the
o Fresnel-Kirchhoff diffraction integral. It is assumed that the aperture is
®

rectangular and uniformly illuminated. In the far field, the resulting
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pattern for field intensity yields the product of sin(x)/x terms representing
the horizontal and vertical patterns. The first sidelobes. in each plane are 13
dB below the on-axis gain. The on-axis gain is adjusted to match the design
goal value. Since the model behavior is nearly identical to the ERIM design
goals, it should provide reasonable insight into the performance of the actual
antenna. A more realistic model would integrate the contributions of a single
antenna element so that "grating lobe" effects and individual feed phase and
amplitudes difference could be observed. Section 4.0 discusses antenna
pattern measurements recently made available and their impact on the
conclusions based on the ideal model.

3.0 ANTENNA PERFORMANCE ANALYSIS

It is clear that the ERIM L-band antennas were designed primarily for airborne
side-looking imaging and not for precision measurement of clutter
phenomenolgy. The large elevation beamwidth is intended to provide a wide
range swath for 1imaging with the narrower azimuth beam processed to provide
synthetic resolution in the cross-track direction. Thus, it is important to
determine if there are any serious limitations imposed by these antennas when
used for other purposes such as gathering clutter data. The paragraphs that
follow address this important topic.

3.1 Clutter-to-Noise Ratio

The most important figure-of-merit for the proposed ERIM clutter measurement
instrumentation system is the clutter-to-noise ratio (C/N). Without an
adequate C/N, clutter model validation is seriously compromised in two ways.
First, the variations in mean clutter reflectivity predicted by candidate
physical models cannot be measured with confidence. Secondly, the statistical
variation of the reflectivity coefficient (which is needed for detection
probability and false alarm probability calculations by the HBR system
designer) cannot be accurately determined. The antenna parameter affecting
C/N most directly is its gain since gain enters the bistatic radar equation as
a squared term (i.e., as the product of the transmit gain and receive gain).

The antenna gain must be adequate to yield a C/N for the expected values of
the remaining system parameters included in the bistatic range equation. Table
3-1 shows C/N calculations for the ERIM system as proposed at the CMP Kickoff
Meeting and in early August of 1986. A mean reflectivity of -30 dB was used
in these calculations . corresponding to estimates provided by candidate
reflectivity models for out-of-plane geometries (i.e., illuminator, target
clutter patch, and receiver not in the same plane). Assuming that bistatic
clutter exhibits Rayleigh amplitude statistics (exponential power) leads to
the observation that the clutter signal would be below the mean receiver noise
level less than 0.25% of the time for a C/N of 26.2 d3 and about 11% of the
time for a C/N of 9.2 dB. C(Clearly, the larger C/N is desirable since the
sampled clutter data will be significantly less corrupted by receiver noise.
Since the larger C/N was obtained with the antenna gains given in Table 2-1,
it is concluded that the ERIM antenna 1is adequate for the measurement program
provided other system parameters are appropriately chosen.

Furthermore, for clutter model validation, a capability to accurately measure
reflectivity to the -30 dB level appears to be sufficient. That is, cutter
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